This work is related to ozone treatment of organic wastes, a gas-liquid reaction. A model has been developed that accounts for mass transfer from the gas to the liquid and for the kinetics of chemical reactions. The theoretical approach of the model firstly refers to the film theory enhanced by a new parameter, the depletion factor. This method allows the part of the reaction occurring within the film and that occurring within the bulk to be distinguished. In relation with the first part of the model, the second part allows the overall behavior of a gas-liquid reactor with time to be described. The model is validated by a set of experiments on maleic acid ozonation in a semi-batch reactor.
Introduction
Treatment of industrial or domestic wastewater by ozone or similar oxidants usually takes place in bubble columns or mechanically agitated reactors. In the ozonation processes, the knowledge of the kinetic rate constant is very important for reactor design. This subject has been investigated by many authors. Hoigné and Bader (1983) have published an extensive compilation of kinetic data obtained from systems where the reaction occurs within the bulk liquid. Beltran et al (1992 Beltran et al ( , 1995 Beltran et al ( , 1998 have determined the kinetic rate constant of various fast reactions by assuming a pseudo first order irreversible gas liquid reaction that takes place between ozone and the organic compound. In these studies, the reaction is assumed to occur in the liquid film, which simplifies the rate constant calculations.
However, many oxidation reactions occur both in the film and the bulk and, due to this fact, the determination of the rate constant can become a complex problem. Furthermore, there appear to be no works dealing with the determination of the rate constant of an intermediate kinetic regime. In this paper, this kind of problem is investigated and a new model, based on the film theory, is presented. The first part of this work will describe the theoretical approach to which the model refers. In the second part, a set of experiments on maleic acid ozonation is performed and used for validation of the model.
Model Characteristics
In a gas-liquid system, where gas absorption is followed by a chemical reaction, two steps control the overall reaction rate: the mass transfer from the gas phase to the liquid phase and the chemical reaction in the liquid phase. Various mathematical models have been reported in the literature for describing the mass transfer phenomenon including the two films model (Lewis and Whitman, 1924) , the penetration models (Higbie, 1935; Danckwerts, 1951) , the combined models (Toor and Marchello, 1958) and the eddy diffusivity model (King, 1966) . The simplest and most commonly used model is still the film theory, which has been used in this study.
Mass Transfer within the Film

Classical Approach of the Film Model
Because of the slight solubility of ozone in water, it is assumed that no mass transfer limitation is observed within the gas phase and one considers only the resistance to the mass transfer within the liquid. It is assumed that there is a liquid film of average thickness δ L between the liquid bulk and the gas-liquid interface. The mass transport is at steady state within this film and, therefore, there is no accumulation of mass. Thus, the mass balances for ozone, compound A, which dissolves and reacts with a solute B (A + ν B → P) within the film are given by equations [1] and [2] . These equations are combined with four boundary conditions given by [3] and [4] .
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where x is the position (m), starting from the interface, within the film of thickness δ L , D i are the diffusivities (m 2 .s -1 ), k the reaction rate constant (m 3 .mol -1 .s -1 ), C i the concentrations within the film (mol.m -3 ), C i,bulk the concentrations within the bulk (mol.m -3 ), * A C the equilibrium concentration at the interface between the gas and the liquid film (mol.m -3 ), a the specific interfacial area (m 2 .m -3 ), ν the stoichiometric coefficient and ε L the liquid holdup.
The set of equations [1] to [4] can be made dimensionless [5] , which leads to equations [6] to [9] . In this new set of equations appear three dimensionless numbers, characteristic of the system [10] : the Hatta number Ha, the instantaneous enhancement factor E i and the reaction number R. 
where k L is the mass transfer coefficient (m.s -1 ) and k L .a is the volumetric mass transfer coefficient (s -1 ).
The differential equations are non-linear and an exact analytical solution cannot be obtained. To solve this system, a finite differences method has been developed using Matlab software. A global second order kinetic is presented here which is usually the case for ozone reactions, but this method also allows the set of differential equations to be solved whatever the partial orders. Figure 1 gives an example of a numerical resolution presenting the dimensionless concentrations A and B in the film when the reaction takes place simultaneously in the film and the liquid bulk.
The results of the resolution of the previous set of equations are often represented by the enhancement factor E, which characterizes the mass transfer acceleration, caused by the chemical reaction. The resolution method gives the exact value of E by applying equation [11] , which represents the ratio between the ozone absorption flow at the gas-liquid interface with the chemical reaction and the physical absorption flow alone. 
Depletion Factor
Using the classical approach, a chemical reaction with mass transfer is characterized as "slow" or "fast". If the reaction is characterized as "slow" (Ha<0.3), E is equal to one and the reaction rate is calculated from standard kinetics within the bulk. If the reaction is characterized as "fast" (Ha>3), the reaction takes place only within the film and the reaction rate is equal to the mass transfer rate (E>1). However, there is no rigorous method to determine the reaction rate for the transition regime (0.3<Ha<3). The approximate method established by Danckwerts (1970) or the general solution of Van Krevelen and Hoftijzer (1948) are often used for this intermediate regime.
To correctly describe this last case, Schluter and Schulzke (1999) distinguish between the absorbed flow rate, N A,abs [12] and the flow rate entering the liquid bulk, N A,bulk [13] . To describe N A,bulk , a "depletion factor" D is introduced [15] , which is defined in full analogy with E ( Figure 1 ) : D represents the ratio between the ozone absorption flow at the interface film-bulk with the chemical reaction and the physical absorption flow alone. With this consideration, the reaction rate within the liquid film can be calculated as the difference between the molar flow rates of compound A entering and leaving this film [14] . The unit of the flow rates is mol.s -1 .
where S represents the interfacial area (m 2 ).
Moreover, the depletion factor allows the location where the reaction takes place to be known more precisely than the Hatta number does. When D = 0, there is no component A entering the liquid bulk and so the reaction is only occurring within the film. In contrast, when D = 1, the reaction occurs only in the bulk; finally, when 0<D<1, the reaction takes place at the same time in the film and in the bulk.
Mass Balances in the Liquid Bulk
In order to describe globally a gas-liquid reactor, it is necessary to write the mass balances for all the compounds. This is the second part of the model in which a time scale is introduced. The mass balance equations are written by considering the case of a reactor (bubble column), which is closed to the liquid phase (perfectly mixed) and open to the gas phase (plug flow). Therefore, equations [16] to [18] refer to a semi-continuous reactor.
Ozone is present in both the liquid and the gaseous phases and therefore two mass balances can be written. The first one is linked to the gas phase [16] and the second one corresponds to the liquid phase [17] . In equation [17], the reaction term distinguishes the part of the reaction occurring within the film and that occurring within the bulk. Finally, the compound "B" is not volatile, so only a mass balance in the liquid phase can be expressed [18] . It must be noted that, in equations [17] and [18], the amount of A and B which accumulates within the film is neglected.
where Q g represents the gas flow rate (m 3 .s -1 ), V gas the gas volume within the reactor (m 3 ), V bulk the volume of the liquid bulk within the reactor (m 3 ), C i,bulk the concentrations within the bulk liquid (mol.m -3 ), C gi and C go the gas concentrations at the inlet and the outlet of the column (mol.m -3 ), g C the average gas concentration in the reactor (mol.m -3 ) and * A C the average equilibrium concentration with the gas at the concentration g C .
Materials and Methods
Experimental Setup and Procedure
The schematic representation of the experimental apparatus used during this work is shown in Figure  2 . The ozonation experiments are carried out in a semi-batch bubble column reactor (55 cm in height and 15 cm in diameter) filled with 8.5 L of maleic acid solution. The solution is kept at a constant temperature of 20°C using an immersed heat exchanger and the pH is maintained at the value of 7.
Ozone is produced from pure oxygen by an ozone generator (Trailigaz) at a concentration of 35 g.m -3 . The ozone gas is introduced at the bottom of the column through a porous diffuser with a gas flow rate ranging between 200 and 300 L.h -1 .
In a preliminary step, the ozone generator is stabilized while the ozone produced is by-passed directly to the destruction system. Once stabilization has occurred, ozone is bubbled in at the bottom of the column at a fixed flow rate for about two hours. Samples of liquid are drawn off from time to time for HPLC analysis and ozone concentrations (within the gas and within the liquid) are measured. 
Analytical Section
Ozone concentrations in the gas inlet and outlet of the reactor are measured using an UV analyser (Ozomat GM-6000-OEM). Ozone concentration in the liquid phase is analysed by an on-line ozone analyser (Orbisphere Laboratories, polarographic probe 31330.15).
Solutions of maleic acid (supplied by Aldrich) are prepared using deionized water. Their concentrations, like the by-products concentrations, are measured using High Performance Liquid Chromatography (Supelcogel C-610H column 30 cm × 0.78 cm; mobile phase: aqueous solution of 0.1% phosphoric acid and UV detector at 210 nm).
Selection of the Molecule Test
A set of experiments was carried out in order to study the reaction kinetics of ozone with maleic acid. Maleic acid has been chosen because of its molecular simplicity (symmetric molecule) and its reactivity with ozone allows the transition regime to be reached (Hoigné and Bader, 1983) . Moreover, the reaction mechanism, a 1,3-dipolar cycloaddition of ozone on the alkene in water as solvent, is well known (Keaveney et al., 1967) .
The low molecular weight of the maleic acid (MA) restricts the reaction to a small number of byproducts, which can be measured easily by HPLC. These by-products are glyoxylic acid (GA), formic acid (FA), oxalic acid (OA) and CO 2 . All these byproducts react slowly with ozone (Hoigné and Bader, 1983 ) and thus their oxidation would not disturb the ozonation of maleic acid.
Determination of Mass Transfer Parameters
The design parameters of the ozone reactor were determined during a set of preliminary experiments. The gas hold up ε g was obtained thanks to equation [19] by measuring the gaseous and liquid heights (h g and h L ). Photographs of bubbles rising in the column were taken by a digital camera. Each bubble diameter (d i ) was measured by Visilog 5.2 software and the Sauter diameter d 32 was calculated by equation [20] . From these results, Equation [21] was used to calculate the gas liquid interfacial area, a (Bouaifi et al., 2001) . Finally, the classical unsteady state method was employed to determine the volumetric mass transfer coefficient of ozone in water, k L a. These experiments were carried out using ozone. These parameters are listed in Table I for three gas flow rates. The mass transfer coefficient of ozone in water, k L , was calculated from these data and the mean value is k L =3.10 -4 m.s -1 which is in good agreement with the mass transfer coefficient of ozone in bubble column found in the literature (Bin and Roustan, 2000) . 
Determination of Ozone Auto-Decomposition and Solubility
Ozone is known to be unstable in aqueous solutions and this phenomenon has to be considered. Therefore, the decomposition rate constant of ozone, k c , as well as the solubility ratio, m, were determined experimentally in deionized water.
When deionized water saturated in ozone is considered, a steady state is reached and the mass balances for the gaseous phase and the liquid phase are given by equations [ Under the operating conditions of ozonation experiments (T=20°C, pH=7), k c was found to equal 7.10 -4 s -1 . The solubility ratio m was also determined in pure water and the value was found to be very close to 0.34.
Results and Discussion
Experimental Results
The experiments were performed at a neutral pH. Figure 4 , where the symbols represent the experimental results, shows the variation of acid concentration versus time when they react with ozone for experiment 1. The same results were observed whatever the operating conditions. The set of reactions 1 to 4 represents the balance of compounds observed during oxidation, though the detailed mechanism is not considered. The first step (a) represents the maleic acid consumption, giving formic acid, glyoxylic acid and end products (reaction 1). During the second step (b), formic acid is transformed into end products (reaction 2) and glyoxylic acid is oxidized into oxalic acid and end products (reaction 3). Finally, in a third step (c), oxalic acid reacts slowly to give end products as well (reaction 4). Similar results have been obtained for experiments 2 and 3 which are not reported here.
Model Validation
Mass Balances for the Ozonation of Maleic Acid in the Reactor
The second part of this work consisted in modeling the gas absorption process with an irreversible chemical reaction. Because of the ozonation byproducts (reaction 2, 3 and 4), the mass balance equations [16] to [18] have to be modified to take into account all these reactions and also the selfdecomposition of ozone. Consequently, the set of equations [16] to [18] is rewritten and becomes the system [26] to [31] . It must be noted that the reaction by-products in the film are neglected. This point will be justified later by observing the numerical values of the associated kinetic constants, which indicate that these are "slow reactions". 
Resolution Method
The set of global mass balances [26] to [31] is solved using a specific Runge-Kutta method available in Matlab software, "ode 23tb", which is an implicit Runge-Kutta formula for the stiff problems. The actual values of E and D are determined for each time step by a specific subroutine related to the first part of the model. Figure 3 summarizes the method for solving the problem, which is a trial and error method. In a preliminary stage, initial experimental conditions, mass transfer parameters and ozone characteristics are introduced into the model: all these parameters were determined during a set of preliminary experiments (see Materials and Methods section). They are not model unknowns.
A guess is then made on the value of the unknown parameter as explained in the next paragraph, parameters being adjusted one by one and not together. This unknown parameter is usually the kinetic constant, which allows the Hatta number (equation [10] ) to be calculated. Knowing the values of the dimensionless numbers Ha, E i and R, the mass balances within the film at time t are first solved and supply the E and D values at this time t. In a second step, for this particular condition within the film, the mass balances are solved for the global reactor to obtain the concentrations of all the components at the next time (t + ∆t). The program then goes back to the resolution of the mass balances within the film with these new concentrations and, thus, with new values for Ha, E i and R. The model runs in this way until the end of the reaction period (t 1 ). In practice, the time step, automatically chosen by the "ode23tb" method, is very small (≈10 -2 s) and the assumption about the steady state for the calculation of the concentration profiles within the film is totally valid.
Determination of Kinetic Rate Constants and Global Stoichiometric Coefficients
The parts of each experimental curve described in Figure 4 were used one by one to determine the different unknowns of the problem, which are the kinetic constants of maleic acid and its three byproducts, and the global stoichiometric coefficients of these by-products.
In zone (a), the kinetic constant of maleic acid was determined by applying the trial and error method for the experimental maleic acid depletion. As shown in Figure 4 , the maleic acid depletion is correctly reproduced for a kinetic constant of 12.10 3 L.mol -1 .s -1 . This result has been validated whatever the operating conditions. The E and D values as well as the Hatta number, computed at the beginning of the reaction by applying equation [10] (Ha=0.94, E=1.27 and D=0.86), confirm that an intermediate kinetic regime has been effectively achieved for each experiment (reaction both within the bulk and within the film).
Then, in this same zone (a), each of the experimental curves of formic acid and glyoxylic acid are used to determine each of the global stoichiometric coefficients ν FA and ν GA .
In zone (b), with the same method of fitting (one curve allows one parameter to be determined), the model allowed the determination of the kinetic constants of formic and glyoxylic acids k FA and k GA and the global stoichiometric coefficient of oxalic acid ν OA . Finally, zone (c) is used to determine k OA . The values are listed in Table III . In Figure 4 , it is confirmed that the variation in by-product concentrations versus time is very well described by the model.
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Discussion
These Figures 4 and 5 must be divided into three zones. In zone (a), the global process is governed by the oxidation of maleic acid. The reaction rate is quite high and thus, the ozone concentration within the liquid bulk is very small. In fact, it is slightly above 0 and a significant part of the reaction occurs within the bulk (68% at the initial time). This proportion was calculated by dividing the depletion factor D (D=0.86 at t=0) by the enhancement factor E (E=1.27 at t=0). This value changes with time to reach about 100% after 30 min (end of the period (a)), when the values of D and E become close to 1.
During this period (a), the ozone concentration in the gas at the outlet of the system changes from 16 to 19 g.m -3 . A simplified model, not taking into account the variation of E with time, would not have been able to describe this variation in ozone concentration.
During period (b), the oxidation of formic acid and glyoxylic acid govern the global process. The global rates lead to values of D and E equal to 1. Indeed, the values of Hatta number are about 0.2 for formic acid and 0.1 for glyoxylic acid. Thus, the hypothesis that there is no by-product reaction within the film is verified. The reaction rates are fast enough to maintain the ozone concentration in the liquid close to 0.
Finally, during period (c), the process is governed by the ozone auto-decomposition and by the oxalic acid oxidation. Both reactions have similar low reaction rate constants and thus, the dissolved ozone concentration increases and stabilizes at a value close to the equilibrium.
It is important to notice that, for the other two experiments, the same results are obtained and so the same conclusions can be drawn.
Conclusion
Ozone absorption coupled with chemical reaction has been modeled in order to be able to determine the kinetic rate constant when an intermediate kinetic regime, corresponding to Hatta number ranging from 0.3 to 3, is achieved. A depletion factor, which represents the ratio between the ozone absorption flow at the bottom of the film with the chemical reaction and the physical absorption alone, was introduced into this model to describe the transition regime. This approach, based on the film theory and the global mass balances in the bulk, distinguishes between the fraction of reaction occurring in the film and the fraction occurring in the bulk.
The model has been validated by an experimental work where maleic acid was oxidized by ozone in a bubble column. The experimental results show that, at least at the beginning of the runs, when the concentration of maleic acid is significant, neither the reaction within the bulk nor within the film can be neglected. Maleic acid kinetic constant was found to equal 12.10 3 L.mol -1 .s -1 . Furthermore, the identification and the modeling of the by-products stemming from the maleic acid ozonation were studied. The model allowed the determination of the rate constants of these byproducts. It also provided a good prediction of the ozone concentration profiles in the liquid phase and the gas phase.
In further studies, several applications with other compounds or other mass transfer processes with chemical reaction will be investigated to validate the model.
